Abstract: A number of metal oxides have been proposed as useful materials for the photoelectrochemical (PEC) production of hydrogen from water. However, up to now, an ideal standalone material has not been found. We have investigated the possible use of nickel titanate (NiTiO3) nanorods as a photoanode. Although these electrodes absorb visible light, they show a modest PEC behavior. Interestingly, the photocurrent for water oxidation undergoes a 20-fold enhancement after an optimized reductive electrochemical pretreatment. Here, the induced doping is studied and compared with the corresponding for anatase nanoporous electrodes. The results reveal the key role of the electrolyte pH as well as the size of the electrode building blocks. The photocurrent promotion upon the electrochemical pretreatment can be ascribed to an enhanced charge transport linked to the ability of proton insertion in the crystal structure.
Introduction
During the last years, an impressive effort has been performed to develop efficient semiconductor electrodes suitable for the photoelectrochemical water splitting, harvesting solar energy. Some authors have focused on the pursuit of new materials, [1, 2] particularly ternary oxides, while others have dealt with the upgrade of well-known materials such as titanium dioxide (TiO2). In this regard, today a number of general strategies are considered suitable to improve the photocatalytic efficiency. [3] [4] [5] Namely, we can highlight nanostructuring, sensitization, generation of heterojunctions and doping with heteroatoms. Most of these strategies have been optimized for TiO2 and subsequently, they have been applied to other metal oxide semiconductors. [6] Over the last decade, doping TiO2 with heteroatoms, both metallic and non-metallic (e.g. N, F, C), has been widely studied as it allows to expand the light absorption spectrum into the visible region. [3] , [5] Nevertheless, such a modification also triggers a significant enhancement in the number of structural defects, which undesirably promotes charge carrier recombination. In this respect, self-doping with Ti 3+ species is considered particularly beneficial as it leads to visible light absorption and to an increased conductivity while the density of expected defects is minimized. [7] Consequently, an enhancement in the photoelectrochemical activity has been reported by increasing the content of Ti 3+ species or in other words, the number of oxygen vacancies. Such a doping procedure is traditionally carried out by chemically reducing TiO2 at high temperatures in a hydrogen atmosphere. [8, 9] Concomitantly, in the last years, several authors have proposed a mild electrochemical reductive pretreatment that can also trigger the generation of Ti 3+ species (and/or oxygen vacancies [10] ) in the structure, promoting the TiO2 performance. [11] In this case, the accumulation of negative charge is compensated by the insertion/adsorption of cations coming from the electrolyte. Although the induced reduction is partially reversible, it improves the photovoltaic efficiency [12] and leads to a photocurrent increase for water photooxidation. [11] The amended behavior has been ascribed to a more rapid electron transport that promotes electron collection, hindering charge recombination. [10, 11] This electrochemical reduction has been successfully applied to different TiO2 structures including single crystals, [13] polycrystals, [14] compact films, [15] nanoparticles, nanowires and nanotubes [15] [16] [17] in acidic and neutral electrolytes. Furthermore, the effect of the cation nature (Li + or H + ) present in the electrolyte has also been studied; [16, 17] however, to the best of our knowledge, the repercussion of the electrolyte pH remains unexplored. The electrochemical reductive doping has also been applied to other n-type semiconductors such as WO3 [18, 19] and doped and un-doped hematite electrodes, [21] but in the latter case, morphological changes upon 20 minutes of reductive treatment were observed, which could be at least partially responsible for the observed changes. [21] Some authors have proposed that the electrochemical doping could be a general route to enhance the performance of metal oxides. [22] Indeed, an oxidative electrochemical pretreatment has also been revealed as a successful strategy to promote the p-type behavior of electrodes based on CuFe2O4 and zinc copper indium sulfide (ZCIS). [22, 23] Fueled by a growing interest in new materials that could be advantageous for the photoelectrochemical production of hydrogen, ternary oxides have attracted particular attention. The most common approaches adopted in this pursuit involve a bibliographic/theoretical selection of a ternary oxide absorbing in the visible region with the adequate location of the band edges and the ulterior study of its (photo)electrochemical behavior or a combinatorial approach. In this context, NiTiO3 with a calculated band gap of 2.16 eV has been proposed as a promising candidate. [25] With an ilmenite structure, it has the conduction band and valence band edges that appropriately straddle the H + /H2 and O2/H2O redox potentials, respectively. [26] This allows to use this material as a photoanode material [25] [26] [27] [28] for water splitting although some authors have pointed out its limited (photo)(electro)chemical stability. [26, 27] In this work, we corroborate that the electrochemical reduction reversibly promotes the photoelectrochemical behavior of nanoporous TiO2 and can be extended to ternary NiTiO3 nanorod electrodes. We demonstrate for the first time, that the phenomenon also occurs in basic media (1 M NaOH), being the enhancement for water photooxidation larger than in acid medium. Furthermore, our results also point to the fact that the nature of this effect does not depend exclusively on the chemical nature of the electrode, but on the size of the building blocks constituting the electrode.
Results and Discussion
NiTiO3 nanorods were prepared as mentioned in the experimental section, adapting a previous method. [30, 31] The morphology of the electrodes was characterized by Scanning Electron Microscopy (SEM). Figure 1 .A shows a representative image of the top view. It can be easily distinguished randomly stacked nanorods with diameters and lengths in the 1-1.5 μm and 5-6 μm ranges, respectively. These one-dimensional structures are characterized by a rough surface. A more detailed morphological analysis by Transmission Electron Microscopy (TEM) (Figure 1 .B) showed that they are constructed by aggregated nanoparticles smaller than 100 nanometers in diameter. On the other hand, the X-Ray Diffraction (XRD) analysis revealed (Figure 1 .C) the crystalline nature of the sample. The different crystallographic plane diffractions could be indexed as the rhombohedral ilmenite NiTiO3 structure in agreement with the JCPDS file 33-0960, except for a diffraction peak located at 27.5 o which indicates some rutile impurities. The ilmenite structure consists on distorted NiO6 and TiO6 octahedra distributed in alternating layers along the c-axis. The relatively strong and narrow diffraction peaks indicate a high crystalline degree. The size of the crystallites oriented in the [104] direction was estimated by using the Scherrer equation:
where λ is the wavelength of the X-rays, θ is the Bragg angle, B is the XRD peak full width at half maximum and K is a numerical factor that considers the crystal shape, being 0.9 for spherical nanoparticles. According to this expression, the NiTiO3 nanoparticles have a diameter of 22 nm in agreement with the TEM analysis. Figure 1 .D shows the UV-visible diffuse reflectance spectrum, which reflects the yellow-green color of NiTiO3. Aside from an increasingly growing absorption (i.e. reflectance diminution) at short wavelengths, two apparent absorption features at 450 and 510 nm can be distinguished, in agreement with previous results. [31, 32] These particular features can be related to the electronic structure of NiTiO3 in which Ni-3d states are localized over the valence band constituted by O-2p orbitals while the bottom of the conduction band is based on Ti3d orbitals. [33] [34] The bands at 450 nm (2.76 eV) and 510 nm (2.43 eV), indicated by arrows a and b in Figure 4 .D, have been related to the Ni-3d orbitals that split up into two sub-bands, allowing charge transfer between these sub-bands and the Ti-3d band located at the bottom of the conduction band. The broad absorption at shorter wavelengths is attributed to the charge transfer between O-2p states at the top of the valence band and Ti-3d states at the bottom of the conduction band. [32] The accompanying Tauc plot (inset in Figure 1 .D) for this transition reveals a direct band gap [35] of 3.05 eV. This value agrees well with the photon energy required to develop a photocurrent [34] or a photovoltage [30] with NiTiO3 electrodes. The electrochemical behavior of NiTiO3 electrodes has been studied in the dark and under transient illumination in N2-purged 1 M NaOH. As shown in Figure 2 , the cyclic voltammogram in the dark is characterized by the presence of capacitive currents at potentials more negative than -0.8 V, as expected for a nanoporous n-type semiconductor. Only a minor faradaic contribution can be observed at potentials more negative than -1.4 V, possibly related to water reduction. By analogy with the behavior observed for nanoporous TiO2 electrodes, [36] we can ascribe the capacitive currents to the filling of band gap states and/or states at the bottom of the conduction band. The cyclic voltammogram also exhibits a shoulder at about -0.95 V. Considering the location of the band edges proposed in the literature for NiTiO3, [34, 35] it can tentatively be ascribed to the existence of trap states energetically located in the band gap and physically identified as grain boundaries. While the currents appearing at -1.25 V can be tentatively associated with the filling of band gap states just below the conduction band edge or directly conduction band states. The electron accumulation needs to be accompanied by the adsorption/insertion of cations coming from the electrolyte to preserve the electroneutrality. In view of the aqueous nature of the electrolyte, sodium cation adsorption and/or proton insertion/adsorption can occur. In this regard, although NiTiO3 has been proposed as a material for Li-ion battery anodes, [39] the insertion of Na + is unlikely in aqueous media considering the crystalline nature of the nanorods and the large size of solvated Na + ions. Compact NiTiO3 electrodes have been previously studied as photoanodes. [26, 28, 37, 38] At sufficiently positive potentials, anodic photocurrents ascribed to water photooxidation were measured. As shown in Figure 2 , the behavior that we observe for the nanoporous electrodes is clearly different. Under illumination, at potentials more positive than -0.63 V, anodic photocurrents are developed, while at potentials more negative than this value, cathodic photocurrents are recorded. Considering the electrolyte composition, and the fact that the material is stable in 1 M NaOH in this potential range, the only possible reactions associated with the photocurrents are water photooxidation (oxygen evolution) and water photoreduction (hydrogen evolution) (See SI, Figure S .1). In other words, NiTiO3 nanorod electrodes behave as photoanodes or photocathodes depending on the applied potential. This behavior agrees well with that expected for a nanoporous semiconductor electrode with a limited charge mobility. [23, 39] Under these conditions, the photogenerated charge carrier separation and transport are dominated by the kinetics at the semiconductor-electrolyte interface which depends on the exposed facets [42] and the charge diffusion inside the nanostructure, which is tuned by the substrate potential. In this work, the possibility of improving the photoelectrochemical behavior of NiTiO3 through an electrochemical reductive pretreatment has been studied and compared with the behavior of nanoporous TiO2 electrodes based on commercial anatase nanoparticles with polyhedral shapes and with a diameter of about 32 nm (See Figure S. 2). These electrodes have already been characterized in 0.1 M HClO4 in a previous work. [11] They showed small photocurrents toward water oxidation and the electrochemical reductive pretreatment only induced a minor enhancement (around 20 % increase). [11] In this study, we have employed nitrogen-purged 1 M NaOH as electrolyte due to the chemical stability restrictions of NiTiO3. This has allowed us to additionally study the electrolyte pH effect on anatase TiO2 electrodes. It is worth mentioning, that although some authors have pointed out to the possibility that sodium ions from aqueous electrolytes could be inserted in amorphous TiO2 electrodes, [40, 41] it is unlikely if we consider other reports where a potential below 1 V vs Na + /Na is established as a requirement for the insertion in anatase nanoparticles. [45] This implies that water reduction is thermodynamically more favored than sodium insertion. Hence, we have not considered the possible insertion of sodium ions as a way to compensate electron accumulation. Obviously, sodium adsorption can occur. The effect of the electrochemical doping drastically depends on a number of factors, mainly the applied potential and the time, apart from the electrolyte and electrode nature. In order to select the best pretreatment, we have optimized the experimental conditions. First, the potential was amended by applying a step for 4200 s and subsequently, the duration was optimized for the previously selected potential. Figure 3 shows the photocurrent recorded at 0.4 V after performing a potentiostatic step at different potentials for 4200 s for NiTiO3 and TiO2 nanoporous electrodes. As can be observed, in both cases the photocurrent basically remains unaltered until the pretreatment attains a certain potential value. Once, this potential has been reached, the photocurrent steeply increases and then, it saturates. For longer periods of time, the photoelectrochemical behavior seems to deteriorate. In any case, the photocurrent trend is virtually identical for nanoporous anatase and NiTiO3 electrodes, only the optimized potential is slightly different, being -1.6 V for TiO2 and -1.5 V for NiTiO3. It should be noted that in both cases, the photocurrent is exclusively promoted when the pretreatment is performed at a potential negative enough to trigger charge accumulation. This can be evinced by the correspondence between the curves of the dependence of the photocurrent on (Figure 3.B and D) . This result clearly demonstrates that the photocurrent enhancement after the reductive pretreatment is due to charge accumulation and therefore, to the concomitant insertion of protons coming from the electrolyte. The adsorption of protons/sodium ions is expected to be fully potential reversible (see below) and thus, they are not foreseen to be responsible for the photoactivity enhancement. Once the optimized potentials were selected, the step duration was refined. Figure 4 shows the dependence of the stationary photocurrent at 0.4 V measured after the electrochemical doping, as a function of the pretreatment time. For both materials, the photocurrent for water photooxidation is clearly promoted with the electrochemical pretreatment in the dark, attaining a maximum enhancement after some time. Note that the time scale employed for both materials is very different. NiTiO3 requires longer times to attain the maximum photocurrent. The charge involved in this process is about 3.5 times larger. However, it cannot be considered a direct measurement of the accumulated electron number, because at -1.5 V (the optimized potential), also water reduction occurs. In any case, we can consider that the process leading to the photocurrent enhancement is high demanding for NiTiO3, i.e., the required potential is more negative and the optimized time is about one order of magnitude longer than for TiO2. As mentioned, the electrochemical doping can be ascribed to the accumulation of electrons with the corresponding insertion of protons. Being the crystal structure of NiTiO3 more open than that of anatase, it should facilitate the diffusion of cations. Nevertheless, charge accumulation occurs more easily in TiO2. Obviously, apart from the crystal structure, the nanoparticle size and shape can also play a role: the smaller the building blocks constituting the electrode, the shorter the diffusion length of the cations to compensate the electrons and the easier the charge accumulation, i.e. the electrochemical doping. NiTiO3 electrodes are constituted by rods composed of relatively large nanoparticles. The space between these nanoparticles is too small for the electrolyte to permeate, so we can consider the rods as the main building blocks of these electrodes, being the active surface area mainly limited to the rough surface of the nanorods, in agreement with the small capacitive currents observed in Figure 2 . To accumulate electrons in the whole structure, the protons should diffuse through such big structures in NiTiO3, while in the case of anatase, the diffusion length is mainly limited to each individual nanoparticle or small aggregates.
On the other hand, the photocurrent is multiplied by a factor of about 5 for anatase and 25 for NiTiO3 electrodes. This is probably linked to the initial larger recombination existing at NiTiO3 electrodes. In this regard, open circuit measurements (see SI, Figure S. 3) for NiTiO3 electrodes prior and after the optimized electrochemical doping have revealed, a diminished recombination upon the pretreatment (as shown by the photopotential attained under illumination). Importantly, in the case of anatase, the enhancement is much larger than in acidic medium, where an enhancement as low as 20 % was detected. This result clearly points to the key role of pH in the electrochemical doping process. Curiously, using the same duration for the electrochemical pretreatment, the enhancement is larger in alkaline medium, where the concentration of protons is smaller. The reason for this behavior is still far from being completely understood, but the fact that the anatase surface is negatively charged in alkaline media could favor the adsorption/insertion of protons. In this regard, there are few publications that have shown that it exists an exponential relation between the charge corresponding to the grain boundary peak and the electrolyte pH [43, 44] and these traps have been linked to recombination processes. Hence, in alkaline media, an enhanced recombination is expected, and any modification of the electrode leading to an improvement should be more noticeable. The comparison of the photoactivity of different electrodic materials is an arduous task, as it is difficult to have electrodes with the same real surface area or absorbing the same number of photons. In our case, the TiO2 and NiTiO3 electrodes have the same thickness. Although we are aware that we cannot discuss in detail the different factors governing the photoactivity of both materials, from the photocurrents obtained under 100 To shed more light on the electrochemical doping effects, the cyclic voltammograms in the dark were measured prior and after the electrochemical reductive pretreatment ( Figure 5 ). Cyclic voltammograms in the dark in the absence of faradaic currents offer a first approach to evaluate the effective density of states. In agreement with the previous results, [11] the pair of peaks ascribed to grain boundaries [48] appearing at -0.8 V (TiO2) and -0.95 V (NiTiO3) are highly promoted and in the case of anatase, they are clearly displaced toward more positive potential values after the electrochemical pretreatment. It has been proposed that this pretreatment renders a build-up of the space charge layer within the nanoparticle agglomerates in the case of rutile nanoparticles with well-defined surface planes. [11] As the band edges are pinned, such band bending induces the shift of the grain boundary peak toward more positive values. In the case of NiTiO3, the pretreatment also affects the voltammetric behavior in a similar way, although the displacement of the trap peak is not observed so clearly. This can be a consequence of its particular voltammetric shape (they appear as a shoulder), or to the possibility that the band edges of NiTiO3 are unpinned. On the other hand, the fact that the charge involved is enhanced can be considered a consequence of an improved electron transport that facilitates the filling/emptying of the electronic states. In any case, a contribution of an additional hydroxylation of the electrode surface during the electrochemical pretreatment [49] cannot be completely ruled out, particularly in the case of NiTiO3. Furthermore, the fact that the different cyclic voltammograms show a symmetric behavior (particularly in the case of anatase), indicates that the electron injection and the corresponding proton/cation uptake processes are reversible in the time scale of the cyclic voltammetry experiment. However, during the electrochemical reductive pretreatment, the electrodes are polarized for longer periods of time and persistent electron accumulation can occur. Note that the charge compensation can exclusively occur through cation adsorption or insertion. Probably, during the cyclic voltammograms, the proton/sodium ions adsorption or the proton intercalation near the surface are the main processes accompanying the electron accumulation. The insertion of protons deeper in the structure is more intricate and it requires applying a sufficiently negative potential for longer periods of time, as during the pretreatment. We can expect that the reduction begins at the outer part of the nanoparticles, particularly at those regions located near the electrode back contact and then, it propagates within shallow and deep internal regions of the nanoparticles. Note that overinsertion can produce water-soluble species, [10] what explains the saturation of the effect, and even a photoactivity worsening. Interestingly, the optimized electrochemical reductive pretreatment does not induce any significant change in the electrode composition, as revealed by XPS spectra (See SI, Figure S.6 and Figure S.7) . The question that arises is whether the electrochemical doping effect remains under working conditions (where an anodic current flows) if the electron accumulation and proton uptake are the processes promoting the photoelectrochemical behavior. Figure 6 shows chronoamperometric measurements for anatase and NiTiO3 nanoporous electrodes. As indicated, the potential program consists in applying a positive bias to measure the photocurrent for water oxidation for the pristine electrodes. After the electrochemical doping, the potential is stepped back to its initial value to measure the photocurrent increase upon the pretreatment. Initially, the reductive doping leads to a 9-fold enhancement for TiO2 and 30-fold enhancement for NiTiO3 electrodes. After 24 hours, the initial state of the electrode is recovered in the case of anatase, while in the case of NiTiO3 still a 9-fold increase in the photocurrent is recorded. Although the optimized pretreatment is more energetically demanding for NiTiO3 than for TiO2, the relaxation kinetics for NiTiO3 is also slower. This agrees well with the idea of cation (proton) insertion in the structure during the electrochemical pretreatment, as the slower the proton uptake, the slower the photocurrent multiplication relaxation. The improved photoelectrocatalytic activity toward water oxidation observed upon the optimized reductive pretreatment can be explained by the above 10.1002/celc.201700039 ChemElectroChem mentioned electron injection/proton uptake. This process induces (at least temporally) an increase of the majority charge carriers of the electrodes, which favors the electron transport and even build-up of a space charge layer through the nanoparticles aggregates that favor the photogenerated charge carriers separation. In nanoporous n-type semiconductor electrodes, the charge transport is often a limiting factor of the final efficiency because the recombination probability increases as the transport time is longer. In fact, the use of onedimensional structures has been shown to be a promising strategy to enhance the behavior in many applications. [48, 49] Therefore, it is not surprising that an improved electron transport provokes an enhancement of the photocurrent, due to a diminished recombination. In fact, open circuit measurements (see SI, Figure S. 3) for NiTiO3 electrodes prior and after the optimized electrochemical doping have revealed not only a diminished recombination, but a smaller electron lifetime (a faster photopotential decay is observed), which is a good indication of a faster electron transport.
Conclusions
NiTiO3 randomly oriented nanorod electrodes exhibiting visible light absorption can be easily prepared. These electrodes can be used as photoanodes for water oxidation, although their efficiency is modest. Their photoelectrochemical behavior can be greatly promoted by an electrochemical reductive pretreatment. Such a pretreatment, once optimized, promotes the electron transport, reducing electron-hole recombination. The photocurrent for oxygen evolution experiences up to a 25-fold enhancement. To obtain a deeper understanding, the effect of the electrochemical pretreatment is compared with that shown by anatase electrodes based on commercial nanoparticles. The results indicate that the doping process is pH-dependent, being the promotion of the photocurrent higher in alkaline media. Furthermore, the process is also sensitive to the specific electrodic area and consequently to the building block size: the electrochemical doping is facilitated for the smallest. This agrees well with the idea of proton uptake during the reductive pretreatment and the duration of the effect. The results highlight the potential of the optimized reductive electrochemical doping procedure as a general tool to reversibly enhance the activity of nanoporous n-type semiconductor electrodes for water photooxidation.
Experimental Section Preparation of NiTiO3 nanorods
One-dimensional NiTiO3 nanorods were prepared using a sol-gel route. Namely, 2.48 g of nickel acetate were dissolved in 60 mL of ethylene glycol. Subsequently, 3.4 mL of titanium isopropoxide were added dropwise under constant stirring at room temperature. The resulting green color suspension was stirred in air for 2 h. After this step, the suspension color turned into light blue, which was indicative that the reaction was completed. The light blue precipitate was recovered by vacuum filtration, washed with ethanol several times and dried under vacuum at 80 °C for 1 h. Finally, the precipitate was calcined at 600 °C for 2 h in air to obtain the desired NiTiO3 nanorods.
Electrode preparation
Electrodes based on NiTiO3 nanorods were fabricated on F:SnO2 -coated glass (FTO, Pilkington TEC15) by the well-known doctor blade method. An aqueous slurry was prepared by grinding 25 mg of the asprepared NiTiO3 nanorods powder, 7 μL acetylacetone, 7 μL Triton 100X with 125 μL of ultrapure water. Some droplets of this paste were spread over ~1 cm 2 of the substrate, dried at ambient temperature, and annealed at 600 ºC for 1 h in air to sinter the nanorods between them and with the substrate. In a similar way, TiO2 nanoporous electrodes based on commercial anatase nanoparticles (Alfa Aesar, 99.9%) were also prepared but fired at 450 ºC for 1 hour. The thickness of the resulting films was measured with an Alpha Step D-100 profilometer. 
Electrode characterization
A morphological characterization of the as-prepared NiTiO3 powder was carried out by TEM with a JEM-2010 (JEOL) microscope. The electrode morphology was studied by SEM with a JSM-840 (JEOL). The crystal structure was analyzed by XRD with a Seifert JSO-Debyeflex 2002 diffractometer using the Cu Kα line ( = 1.5406 Å). A Shimadzu UV-2401PC spectrophotometer equipped with an integrating sphere coated with BaSO4 was used to measure UV-visible diffuse reflectance spectra of the NiTiO3 films.
(Photo)electrochemical measurements were performed at room temperature in a three-electrode cell equipped with a fused silica window. All the potentials were measured against and are referred to an Ag/AgCl/KCl (3 M) reference electrode. A platinum wire was used as a counter electrode and an N2-saturated 1 M NaOH solution as a working electrolyte. Measurements were carried out with a computer-controlled Autolab PGSTAT30 potentiostat. A 1000 W Hg(Xe) lamp (Newport) equipped with a water filter and a cutoff filter (cutoff wavelength of 350 nm), Newport model FSR-KG3) and a 300 W Xe lamp (Thermo Oriel) equipped with a water filter were used as a UV-visible light source to illuminate the NiTiO3 and the TiO2 electrodes, respectively. 
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